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INTRODUCTION Central Nervous System Projection of Sensory Neurons
Afferent neurons transmit incoming information derived from both internal and external origin into central nervous system (CNS) (Bermingham et al., 2001 ). Peripheral input is provided by sensory organs, which transduce specific stimuli into signals capable of being transmitted by their associated afferents to the CNS. Within the CNS, these neurons terminate in distinct anatomic and modality specific regions (Fritzsch et al., 2005a; Liu et al., 2016; Maklad and Fritzsch, 2003) . The connections that arise between sensory organs, afferents, and their CNS nuclei allow for efficient, discrete, and simultaneous processing of sensory information. In multimodal sensory organs, such as the vertebrate ear that serves the detection of angular and linear vestibular stimulation and auditory sensation , afferents require distinct central targets to ensure segregated processing. This way, the vertebrate ear can selectively transduce auditory and vestibular mechanical stimuli. Transduction of such stimuli allow for the sensation of sound, gravity, and both linear-and angular-accelerations. Simultaneous but distinct processing of auditory and vestibular inputs is a demand placed on all vertebrates challenged with sensing and responding to the variable presence of those stimuli in their environment.
Ensuring properly targeted connections requires that developing afferents are able to navigate within the CNS to reach selectively their target nuclei and neurons within these nuclei. From the inner ear, afferents project into the hindbrain and connect with dorsally located vestibular or auditory nuclei (Torres and Giráldez, 1998) , with no overlap between ventrally located trigeminal projections, or even more dorsal lateral line/electroreceptive projections found in some amphibians and fishes (Fritzsch et al., 2005a) . Most information about sensory afferent navigation has been provided from studies of the visual system, where components of the Eph/ephrin system establish the pathfinding properties of retinal ganglion cell (RGC) axons in the midbrain (Brown et al., 2000; Kullander and Klein, 2002) . In contrast to the visual system, less understanding of the development of central projections of inner ear afferents is known (Maklad and Fritzsch, 2003) , aside from work attributing guidance by incompletely understood molecular cues (Coate et al., 2015; Elliott et al., 2017; Jahan et al., 2010) .
Extensive experimental evaluation of sensory neuron navigational characteristics has been conducted using the model system of Xenopus laevis. In a study where a developing eye was transplanted onto the spinal cord, retinal ganglion cell (RGC) axons were claimed to enter the CNS at the spinal cord and project within it, with eventual termination observed within the optic tectum (Giorgi and Van Der Loos, 1978) . These data demonstrate the capability of sensory neurons to navigate from an ectopic location in the CNS to reach their intended targets, but were not conducted using modern tract tracing techniques (Fritzsch et al., 2005b) leaving the presented data up to interpretation.
More recent work in transplanting an eye to the trunk demonstrated the ability of tdTomato labeled afferents to provide successful sensory input into the CNS, but did not reveal exactly how afferent information reached the CNS (Blackiston and Levin, 2013; Blackiston et al., 2017) . Collectively this work suggests the possibility of long range cues acting in RGC pathfinding to reach directly or indirectly the CNS.
Transplantation of developing ears in Xenopus laevis has provided insight into the connections established between the CNS and the ear (Elliott and Fritzsch, 2010; Elliott et al., 2013; Elliott et al., 2015; Fritzsch et al., 1998) . Such transplantation work demonstrated afferent projection into the spinal cord, a location where inner ear afferents do not normally project to, following transplantation adjacent to the spinal cord (Elliott and Fritzsch, 2010) . Consistent with results from the transplanted eyes, these data suggest ear afferents are capable of navigating into the CNS from an ectopic entry point.
However, the afferent projection patterns once in the spinal cord, and the location of axon termination, were not determined. As a result, the navigational properties of ear afferents upon foreign entry into the CNS remain unclear. In addition to local entry to the CNS following an altered entry point (Elliott and Fritzsch, 2010) , similar ectopic ear placements revealed an apparent innervation of the transplanted ear adjacent to the spinal cord by afferents of the posterior lateral line (pLL) system (Fritzsch et al., 1998) .
Fasciculation of inner ear afferents with afferents of the pLL could potentially offer an alternative route for inner ear fibers to reach the hindbrain.
In this thesis, I address several unanswered questions regarding ear afferent navigation: 1) Do inner ear afferents project into the spinal cord in a topology comparable to native ear fibers in the hindbrain?
2) Are ear afferents projecting in the spinal cord capable of navigating within the CNS to reach the hindbrain and, once in the hindbrain, the vestibular nucleus?
3) Will inner ear afferents fasciculate along existing nerves to route themselves toward the hindbrain when the ear is positioned distant from the hindbrain? I will present findings to these questions that will offer additional insight into the navigational properties of sensory neurons of the ear as they project centrally to their targets.
Development of the Inner Ear and Its Central Targets
The vertebrate inner ear develops from the otic placode, a thickening of ectoderm along the dorsolateral domain flanking the neural tube (Schlosser and Ahrens, 2004) . The otic placode derives from a pan-placodal domain that gives rise to other cranial sensory organs and ganglia, such as those of the lateral line, trigeminal, and olfractory systems (Patthey et al., 2014; Schlosser, 2010) . The pan-placodal domain is initially identified by the expression of sine oculus homeobox homolog 1 (Six1) (Pieper et al., 2011) . In the otic placode, signaling from surrounding mesoderm and from the hindbrain influence its induction. Downregulation of BMP signaling is one such mechanism through which the ectoderm of the pan-placodal area becomes induced to give rise to the otic placode.
Additionally, fgf3 and fgf8 both act in this process (Phillips et al., 2001) . Following Six1 expression, individual placodes express subsets of the paired box (Pax) genes (Pieper et al., 2011) . Pax2 and Pax8, for example, are expressed in the otic placode (Schlosser, 2005) . Pax2/8 expression induces increased cellular proliferation, which in turn promotes invagination of the placode to form the otic cup (Bouchard et al., 2010) . Much like other placodal invaginations, the cup folds inward and closes off. Subsequently, separation from the overlying ectoderm establishes an ectodermal independent hollow ball of cells called the otic vesicle . The otic vesicle will give rise to all cell types of the inner ear, including sensory neurons, hair cells and supporting cells.
Continued proliferation occurs after the formation of the vesicle, which acts to facilitate morphological changes that will give rise to the discreet anatomical regions of the inner ear (Kopecky et al., 2011) .
As the ear proliferates and forms its anatomical 3D structure, the distinct neurosensory components begin to develop from subsets of proliferating otic vesicle cells. Formation of these neurosensory components begins first with vestibular and auditory sensory epithelia. Each epithelial region within the ear is composed of hair cells and surrounding support cells. Otic sensory neurons, of which vestibular arise first, followed by auditory (Matei et al., 2005) will form from neural precursor populations and leave the otocyst in a delamination process (Fritzsch et al., 2015) . Thereafter, these newly formed neurons will extend dendritic processes toward the concomitantly or delayed forming hair cells, while also extending axonal processes centrally toward vestibular and auditory nuclei, respectively (Yang et al., 2011) . Tightly regulated expression and activity of several transcription factors is a required step in coordinating expression of many genes that impact the formation of differentiated characteristics of cells within the inner ear (Fritzsch et al., 2015) . Three basic-helix-loop-helix (bHLH) genes have been identified as being necessary in the formation of these cell types: Neurogenin 1 (Neurog1) for induction of afferents, Neuronal differentiation 1 (Neurod1) for differentiation of afferents, and Atonal homolog 1 (Atoh1) for hair cell differentiation .
As inner ear afferents project toward their targets, specific genes promote the formation of terminal characteristics. Disruption of these genes has provided insight into their effects on afferent development. More specifically, conditional deletion of Neurod1 in mice resulted in aberrant entry points of cochlear and vestibular afferents in the hindbrain, suggesting Neurod1 functions in promoting navigational competency (Jahan et al., 2010) . Therefore, proper development of neurosensory components of the inner ear, specifically sensory neurons, is a necessary first step in establishing functional connections within the hindbrain.
The neural tube is the precursor of the CNS, creating both the brain and spinal cord. At the most dorsal point of the neural tube, a subset of cells known as Neural Crest (NC) delaminate and migrate to regions of the developing embryo. NC cells give rise to the majority of the neurons and glia of the peripheral nervous system (PNS) (Theveneau and Mayor, 2012) except for those derived from placodes (O'Neill et al., 2012) . A patterning process specifies differential precursor domains within the neural tube that will produce the diverse types of cells found in the CNS. Secreted signals from neural and non-neural sources act as morphogens, which diffuse into concentration gradients that influence the fate of cells within the neural tube (Hernandez-Miranda et al., 2016) . For example, the protein Sonic Hedgehog (Shh) is secreted from the notochord and floor plate, which is a structure ventral to the neural tube. As a result, the Shh concentration gradient is high at ventral neural tube regions and progressively decreases toward more dorsal regions. Shh signaling in the portion of the neural tube that will become the spinal cord promotes the expression of ventral-specific transcription factors (e.g., Nkx2.2, Olig2) (Le Dréau and Martí, 2012) . The expression of these and other ventral-specific transcription factors depends on the concentration of Shh and the duration of Shh production (Briscoe and Ericson, 2001 ).
Gradient-specified subtype specification is also observed in the dorsal regions of the neural tube. In a manner similar to Shh, the proteins BMP and Wnt operate to specify cell fate of dorsal-located cells. BMP and Wnt are secreted from the roof plate of the neural tube in a gradient characterized by dorsal-ventral concentration levels that are opposite of Shh expression (Lai et al., 2016) . BMP/Wnt signaling promotes the expression of dorsal-specific transcription factors (e.g., Olig3, Atoh1, Ngn1). The expression of these transcription factors also depends on the concentration of BMP and Wnt received by neural tube cells ventral to the roof plate. Cell subtype production is likewise specified by these transcription factors. For example, Olig3, Atoh1 and Ngn1 progenitor domains give rise to dorsal-located interneurons (e.g. dI1 interneurons) (Hernandez-Miranda et al., 2016) . The process by which diffusible concentration gradients establish regions of specific transcription factor expression, and thereby influence cell fate, is consistent through the hindbrain and the spinal cord (HernandezMiranda et al., 2016) .
Pathfinding Properties of Neurons
Establishing functional connections with central and peripheral targets is a necessary step for neurons during development of the nervous system. As neurons become post-mitotic and adopt terminal differentiated characteristics, they extend their axons from their cell bodies in order to connect with their targets in the organism. The growth cone, a cellular extension located at the end of the axon guides outward growth of an axon. Axons use the growth cone to sense and integrate environmental guidance cues in order to navigate to their intended targets (de Ramon Francas et al., 2016) . Guidance cues can be present locally, mediating contact repulsion or attraction between axons and intermediate targets, or axons and other growing fibers. Additionally, long range guidance cues induce both chemoattractive and chemorepulsive responses in the growth cone, serving to instruct axon movement from distances (Kolodkin and Tessier-Lavigne, 2011) . Concentration gradients of such long range guidance cues enable axons to read differential levels of an instructing signal, which allow for coordinated growth in a specific direction. A variety of molecular guidance cues have been implicated in the navigational properties of neurons. Molecules such as Netrins, Slits, Semaphorins, and
Ephrins are well-established guidance cues for a variety of neuronal subtypes (Seiradake et al., 2016) and are interpreted by growth cone cell surface receptors that influence cellular machinery to enable proper stirring movement. Other cues implicated in axonal guidance are molecules that act as diffusible morphogens during embryonic development.
Molecules such as Wnt, Shh, and BMP have all be demonstrated as diffusible guidance cues for axons (Salinas and Zou, 2008; Seiradake et al., 2016) . In addition, select neurotransmitters have been shown to enhance neuron guidance, such as the monoamine serotonin demonstrated in frogs (Blackiston et al., 2017) .
Guidance of axons within the CNS has been well characterized, particularly among dorsally located spinal commissural neurons, which make use of chemoattractive and chemorepulsive gradients of guidance cues both for navigating the dorsal-ventral and anterior-posterior axes (Martinez and Tran, 2015) . At the periphery, inward guidance of CNS incoming afferents has been best studied in the visual system. The growth cones of retinal ganglion cells use concentration gradients of the surface receptor EphA and its ligand ephrin-A to establish precise topographic connections between RGCs in the periphery and hindbrain nuclei centrally (Brown et al., 2000) .
In contrast to the eye, relatively little is known about the development of central projections in the ear (Maklad and Fritzsch, 2003) . Previous work has proposed a mechanism by which afferents establish central projections in a spatiotemporal manner.
In such a system, early forming structures project centrally first, thereby leaving later forming structures to project into un-innervated CNS regions [e.g. vestibular projections forming first and projecting ventrally compared to more dorsal-projecting later forming auditory projections (Fritzsch et al., 2005a) ]. However, an increasing amount of work is beginning to suggest molecular cues as the primary determinants of afferent navigation.
Projection into the hindbrain occurs prior to the neurons of central nuclei (e.g. cochlear nuclei) becoming post mitotic, suggesting target differentiation is not required for afferents to navigate within the CNS (Jahan et al., 2010) . Indeed, even if central neurons are molecularly ablated afferents can project and even develop some cochleotopic projections . Additionally, transplantations of developing ears to the spinal cord show an ability to form local afferent and efferent connections, which suggests cues present in the spinal cord are sufficient to promote afferent growth into the spinal cord (Elliott and Fritzsch, 2010) .
Transplantation Model to Evaluate Pathfinding Properties
In this thesis, I assessed ear sensory neuron navigation by using experimental embryology in Xenopus laevis embryos. In particular, I transplanted the developing ear to a novel location adjacent to the spinal cord. Doing so enabled me to evaluate projection patterns of afferents as they enter the CNS ectopically. By transplanting an ear adjacent to the spinal cord, I was able to determine if inner ear afferents can grow into the spinal cord in the same topologic manner as native ear afferents do in the hindbrain. My results indicate that, while the dorsal-ventral entry point of inner ear afferents varied, they projected to the dorsal regions of the spinal cord after entering, suggesting afferents are being guided by dorsoventral molecular cues present longitudinally throughout the hindbrain and spinal cord. Additionally, these fibers are able to grow along dorsal located spinal fiber bundles to reach the hindbrain and approach and/or enter the vestibular nucleus once they reach the hindbrain.
In addition, by transplanting ears to more ventral locations, I was able to determine if inner ear afferents can navigate along other nerves (lateral line nerves, vagus nerve) to reach the hindbrain. My results indicate that, indeed inner ear afferents appear to navigate along other nerves, for example the lateral line and the vagus. I will present data on these findings and address their contribution toward the navigational properties of developing ear afferent projections. My results provide new insight into the important questions surrounding how neural connections are established between the ear and the CNS, implying nearly opportunistic fasciculation with existing nerves and fiber bundles, but also implying a short range navigation to dorsal parts of the spinal cord and, within the hindbrain, the vestibular nuclei. My data provide information that, if molecularly characterized, could benefit attempts to restore inner ear sensory neurons in those who suffer from sensorineural hearing loss or providing testable insights into pathfinding properties of inner ear afferents navigating in an unusual environment to ultimately reach their target in the hindbrain.
METHODS
Animals
Xenopus laevis embryos were obtained through induced ovulation by injection of human chorionic gonadotropin, followed with fertilization by sperm suspension in 0.3X Marc's Modified Ringer's Solution (MMR, diluted from 10X stock; 1M NaCl, 18mM
KCl, 20 mM CaCl2, 10 mM MgCl2, 150 mM Hepes, ph 7.6-7.8). The jelly coat was removed with 2% cysteine in 0.1X MMR. Embryos were contained in 0.1X MMR until having reached the desired stage for manipulation (see below) and until reaching stage 46 as described by Nieuwkoop and Faber (1994) .
Ear Transplantations
All surgical manipulations were performed in 1.0X MMR (diluted from 10X MMR) and performed at room temperature. Animals were anesthetized with 0.02% Benzocaine (Crook and Whiteman, 2006) prior to and during all manipulations. To determine the projection patterns of transplanted inner ear afferents into the spinal cord, and to evaluate navigational properties of transplanted afferents once in the CNS, otic placodes from donor embryos were removed and transplanted to recipient hosts at stage 25-27. Removed placodes were grafted adjacent to the spinal cord in place of a removed somite ( Figure 1B ) on one side of the embryo. Additionally, to determine if inner ear afferents are capable of using other existing nerve projections as substrate with which to fasciculate with, and reach the hindbrain, placodes were transplanted to the presumptive heart region, in the vicinity of the vagus nerve trajectory ( Figure 1C Table 1 ). Ear development was further assessed using anti-Myo6 antibody to label specifically hair cells and anti-tubulin to label nerve fibers (see immunochemical analysis below). Only animals with fully formed transplanted ears, as indicated by otoconia in position above sensory epithelia, were used for further analysis.
Lipophilic Dye Labeling
Axonal projections from transplanted ears were labeled using NeuroVue lipophilic dyes (Fritzsch et al., 2005b) . NeuroVue TM Maroon, NeuroVue TM Red, and NeuroVue TM Jade dye-soaked filter paper pieces were cut to fit and were placed inside transplanted ears. Care was taken to place the dye on presumptive regions of sensory epithelia as determined by location of otoconia within the ears. Dye placed in transplanted ears labels inner ear afferent axons through backfilling of dendritic processes, terminating on hair hells, into ganglion cell bodies. Dye was also placed into the spinal cord following transection, either rostral or caudal, to the adjacently transplanted ear to fill inner ear afferent axonal processes within the spinal cord as they project within it and into the hindbrain. To determine lateral line innervation patterns of an ear transplanted adjacent to the spinal cord, dye was placed into the posterior lateral line ganglia caudal and adjacent to the native ear, filling lateral line afferents to neuromast (lateral line) organs along the trunk of the animal. In the same animals, dye was placed into the spinal cord to label afferents entering the CNS. Native ear afferent projections into the hindbrain were labeled with dye inserted into each ear.
Dye diffusion: Following dye insertions, animals were kept in 0.4%
paraformaldehyde and incubated at 60°C or 36°C to permit diffusion. Dye placed in the spinal cord or posterior lateral line ganglia were incubated at 60°C for 60 hours. Dye placed into transplanted ears near the spinal cord were incubated for 18 hours at 36° to determine the spinal cord entry point or for 60 hours at 60° to assess hindbrain innervation. Ears transplanted to the heart region were incubated for 3 days at 60°. Native ear dye placements were incubated for 18 hours at 36°. Following diffusion, the brain and spinal cord was dissected out and the specimens were mounted in glycerol for imaging on a TCS SP5 Multi-photon confocal microscope using excitation emission settings specific for the different lipophilic dyes used (Tonniges et al., 2010) .
Dextran amine Labeling
Dextran amine dye injections into ears transplanted adjacent to the spinal cord were used to evaluate inner ear afferent projection in the CNS. Entry points of inner ear afferents into the spinal cord as well as their projections into the hindbrain were evaluated using Texas red, tetramethylrhodamine, Alexa Fluor 647, and Alexa Fluor 488 dye. A small incision was made into the transplanted ear of anesthetized animals (0.02% Benzocaine) and a recrystallized drop of the labeling dye on a tungsten needle was inserted (Fritzsch, 1993) . Care was taken to fill the ear entirely with the dye. Animals were washed in 0.1X MMR three times in succession and kept in a dish containing 0.1X
MMR for 2-3 hours. Afterwards, the embryos were reanesthetized in 0.02% Benzocaine and fixed in 4.0% PFA. After fixation, the brain and spinal cord was dissected out and the specimens were mounted in glycerol for imaging on a TCS SP5 Multi-photon confocal microscope using appropriate excitation/emission filter settings.
Immunohistochemistry
To determine presence of sensory epithelia in transplanted ears, as well as local innervation of the ear and its surroundings, fixed stage 46 animals were dissected to remove the lower jaw and skin and were dehydrated in 70% ethanol overnight. Animals were washed in 1X PBS three times for 10 minutes each before being blocked in 5.0%
normal goat serum (NGS) with 0.1% Triton-X 100 for 1 hour. Following a brief wash in 1X PBS, primary antibodies of neuronal marker acetylated tubulin (1:800, Cell Signaling Technology) and hair cell marker Myosin VI (1:400, Proteus Biosciences) were incubated with the embryos overnight at 36°C. Animals were washed three times for 10 minutes and blocked in 5.0% NGS + 0.1% Triton X 100 for 1 hour prior to incubation with species-specific secondary antibodies (1:500, Alexa) along with nuclei marker Hoechst 33342 overnight. Animals were washed in 1X PBS six times for 15 minutes each and mounted in glycerol for imaging on a TCS SP5 Multi-photon confocal microscope.
RESULTS
Success of Transplantations
Success of transplantations was assessed based on the presence and degree of development of an ear with otoconia at the place of transplantation (to the trunk adjacent to spinal cord and more ventrally to the heart region) (Table 1, Figure 1 ). While most transplants were successful in that they developed ears with otoconia, in some instances ears developed without otoconia or did not develop at all (Table 1) , consistent with data from similar placements adjacent to the cord to assess the ability of spinal motor neurons to become efferents to inner ear hair cells (Elliott and Fritzsch, 2010) . Similar rates of success were found for ears transplanted adjacent to the spinal cord and ventrally near the heart; 81 and 73 percent, respectively, of animals had transplanted ears with otoconia (Table 1 , Figure 1 ). Only ears that contained otoconia were used for further analysis as presence of otoconia coincides with hair cell formation (Elliott and Fritzsch, 2010) . 
Ears Transplanted Adjacent to the Spinal Cord Develop Hair Cells and Neurons
To assess development of sensory epithelia in ears transplanted adjacent to the spinal cord, ears were immunostained with antibodies against myoVI and acetylated tubulin, which are markers for hair cells and neurons, respectively. Positive myoVI staining revealed the presence of hair cells in transplanted ears (Figure 2A ). Hair cells were found to be in discreet clusters within the ear, indicating distinct sensory epithelia. 
Ears Transplanted Adjacent to the Spinal Cord Project Dorsally Regardless of Entry Point
Since ear afferent connections with the spinal cord in identical transplants have been observed previously by retrograde labeling of ganglion cells from dye injection into the spinal cord (Elliott and Fritzsch, 2010) , and having verified that transplanted ears develop hair cells and neurons, afferent axon projections were traced from the ear using lipophilic or dextran amine dyes (Fritzsch, 1993; Fritzsch et al., 2005b) to label afferent projections to the spinal cord. We aimed to determine if inner ear afferents from an ear transplanted adjacent to the spinal cord enter and project as native afferent fibers do in the hindbrain, indicating a potential conservation of molecular cues between the hindbrain and spinal cord that guide dorsoventral guidance of sensory afferents.
Following labeling of afferent projections from the ear, the brain and spinal cord were dissected from the embryo and the entry point along the dorsal-ventral (D-V) axis of the spinal cord was determined ( Figure 3A) . In assigning the plane of entry, the midline was defined as the center of the z-series stack encompassing the entirety of brain and spinal cord. Above and below this point was defined as dorsal and ventral, respectively. 14 of 20 animals had projections with a dorsal entry point. 1 animal had afferents enter at the midline, and 5 animals had a ventral entry point ( Figure 3B ). Plane of projection within the spinal cord was assessed in a similar manner and defined by the D-V plane where fibers were observed to project. All 20 animals examined had afferents projecting dorsally within the spinal cord ( Figure 3B ).
Additionally, these projections extended both rostral and caudal from the entry site.
These results suggest that regardless of entry point along the dorsal-ventral axis, inner ear afferents entering the spinal cord will project dorsally, as they do in the hindbrain. 
Ears Transplanted Adjacent to the Spinal Cord Project to the Hindbrain
Since ear afferent projections into the spinal cord appear to project dorsally regardless of the D-V entry point (Figure 3) , we next sought to identify if the afferent fibers projected into, and established connections with, the dorsally located vestibular nucleus in the hindbrain. Dyes were placed either into the transplanted ear itself or injected rostral to the ear into the spinal cord. In both instances ascending spinal tracts were labeled along with inner ear afferents, demonstrating fasciculation between the two ( Figure 4C-D' ). Labeling of the ascending spinal tracts also labels the trigeminal (V) nucleus afferents ( Figure 4B , B'), as there exists a continuity between the ascending spinal tracts and the descending tract of V (Maklad and Fritzsch, 2003) . Labeling of native ear projections into the hindbrain identify the vestibular nucleus ( Figure 4B, B' ).
In animals with inner ear afferents projecting to the spinal cord, fibers appear to fasciculate with the ascending spinal tracts and once reach the trigeminal nucleus, reroute into the vestibular nucleus ( Figure 4D, D' ). Of 8 animals analyzed in this manner, all were found to have fibers approaching and/or projecting directly into the vestibular nucleus. In contrast, in control animals there is no projection from the spinal cord into the vestibular nucleus ( Figure 4A-4B' ). Collectively these data show that inner ear afferents that enter the hindbrain from the spinal cord are capable of projecting to the vestibular nucleus, suggesting vestibular afferents are being navigationally instructed through yet unknown molecular cues once entering the hindbrain. 
Lateral Line Interaction with Ears Transplanted Adjacent to the Spinal Cord
Previous work in transplanting ears to the spinal cord revealed an apparent innervation of the transplanted ear by afferents of the posterior lateral line (pLL) system (Fritzsch, 1998) . This could potentially offer an additional route for ear afferents to project to the hindbrain. Since transplants in this study were done when embryos were at stage 36, a time when the posterior lateral line placode extends from the otic region caudally, we used this approximate stage for our transplantations to assess if there was a preference for the lateral line or spinal cord for inner ear afferents to project along.
Immunostaining of animals with ears transplanted at the late (stage 32-26) stages revealed that pLL afferents associate with the ear when transplanted in its projection pathway, as well as having neuromasts dorsal to the transplanted ear ( Figure 5C ).
To identify whether inner ear afferents have a preference for the lateral line and/or spinal cord, and also if transplanted ears are innervated by lateral line fibers, dye was implanted into the pLL and spinal cord. Labeling in this manner revealed inner ear afferent projections into the spinal cord as shown by backfilling of ganglion cells ( Figure   5D ). In addition, the pLL appears to project into the ear itself ( Figure 5D-F) , as shown by fibers projecting deep within the ear ( Figure 5E ). Additionally, an apparent overlap between pLL and spinal cord-projecting inner ear fibers was observed in one out of five animals examined, suggesting that these inner ear afferents could also be fasciculating with the pLL ( Figure 5F ) but with no apparent directional preference. Together these data indicate that inner ear afferents project centrally into the spinal cord or peripherally along the pLL, however it is unclear if there exist a preference for either routes or where terminations occurs when following pLL afferents.
Given that the lateral line also passes dorsal to the transplanted ear when the ear was transplanted at stage 25-27 ( Figure 5B) as it does at the later stages ( Figure 5C ), we need to determine if there is an effect of timing of the transplant on a preference for direct projection into the hindbrain or navigation along the lateral line. 
Ears Project along the Vagus Nerve when Transplanted to the Heart Region
Ears transplanted even further ventrally into the region of the developing heart were used to determine if inner ear afferents are capable of using other nerves, specifically the vagus, to fasciculate on and reach the hindbrain. Dye labeling of these transplants identified afferents of the inner ear projecting with the vagus nerve ( Figure 6A ), identified in 5 animals. Labeled fibers were found to project dorsally from the heart region and into the vagus ganglia ( Figure 6B ). Given the close proximity of posterior lateral line and vagus ganglia, transcellular diffusion of the dye labeled both ( Figure 6B ).
Central projections, in one animal of the five, of lateral line fibers were observed from this labeling ( Figure 6C ). It is unclear from this data if afferents of the inner ear are reaching the hindbrain after projecting along the vagus. Further work would need to be done to determine this. Similar rates of success of overall ear development, judged by presence of otoconia and immunostaining for hair cells, were found for all different transplantations performed. That successful development of ectopically placed ears was observed is consistent with previous otic placode and vesicle (Fritzsch et al., 1998) transplantations.
Instances where ears formed without otoconia, or no ear developed at all, potentially represent perturbations as a consequence of the grafting process (Elliott and Fritzsch, 2010) .
In the present study I transplanted developing ears in Xenopus laevis adjacent to the spinal cord. Dye tracing data confirmed afferent connections with the spinal cord and revealed similar dorsal projection patterns as observed in native fibers projecting within the hindbrain. While entry into the spinal cord was variable along the dorsal-ventral axis, it was found that despite the entry location, fibers projected dorsally after entering. It is possible but was not elucidated here, that afferent entry points reflect fasciculation along dorsal and ventral root fibers. Since spinal projecting inner ear afferents revealed a capability to enter ventrally and at the midline, yet project dorsally once within the spinal cord, these data indicate that navigational information, most likely a diffusible attraction factor, is dorsally derived. Alternatively, entering fibers could potentially be repelled by ventral factor(s). Dorsal projection of native inner ear afferents is readily observed in the hindbrain (Rubel and Fritzsch, 2002; Straka et al., 2014; Torres and Giráldez, 1998) . That spinal entering ear fibers project in this manner suggest inner ear afferents are being guided molecularly, and that these guidance cues are conserved between the spinal cord and the hindbrain.
Longitudinal columns of identical dorsal gene expression establish a continuity between the hindbrain and the spinal cord (Gowan et al., 2001; Ma et al., 1997; Maklad and Fritzsch, 2003) . Discreet domains of Atoh1 and the ventrally adjacent Ngn1/2 are the sites of termination for native auditory and vestibular afferents, respectively (Fritzsch et al., 2006; Maricich et al., 2009 ) and extend through the hindbrain and spinal cord (Bermingham et al., 2001; Gowan et al., 2001) . These domains are considered to be established by dorsally produced diffusible gradients of BMP and Wnt molecules (Hernandez-Miranda et al., 2016; Lai et al., 2016; Le Dréau and Martí, 2012; Ulloa and Marti, 2010) as well as ventrally produced Shh molecules (Litingtung et al., 2002) .
Combined, these morphogens are potentially acting in an instructive manner to guide inner ear afferents to dorsal regions of the hindbrain. Given the currently understood roles of Shh, BMP and Wnt in axon pathfinding (Fenstermaker et al., 2010; Seiradake et al., 2016; Yam and Charron, 2013) , it is conceivable that they may also function in such a manner in the hindbrain and spinal cord. Indirect evidence to support this claim is given by selective deletion of Neurod1 in the ear, demonstrating that despite an aberrant common entry point instead of a distinct vestibular and auditory entry to vestibular and cochlear nuclei, respectively, auditory and vestibular fibers mostly segregate once within the hindbrain (Jahan et al., 2010) . A feature that is similar to the projection patterns observed after variable entry points of spinal projecting ear afferents described above.
Inner ear afferents projecting into the spinal cord could be traced to the hindbrain, specifically in the vestibular nucleus. Labeling of ascending spinal tracts with afferents of the inner ear was expected given dorsal projection of both. After reaching the hindbrain, inner ear afferents continued along the descending tract of trigeminal nerve fibers to enter the hindbrain, which itself is continuous with the ascending spinal tracts of spinal fibers.
Following entry into the hindbrain, collaterals of inner ear afferents reroute from the descending tract of trigeminal and connect with the vestibular nucleus (Figure 4 ). These results indicate that upon novel entry into the hindbrain, afferents of the inner ear will navigate to the vestibular nucleus. Rerouting from ventral trigeminal tracts to the dorsal vestibular nucleus is consistent with our contention of dorsally produced attractants or ventral repellants guiding afferents of the inner ear. Similar to the observed projection patterns within the spinal cord, dorsal attraction or ventral repulsion is likely mediated by gradients of diffusible morphogens. However, we cannot rule out the role of other guidance contributors such as components of the Eph/ephrin system, which are expressed in vestibular sensory neurons (Bianchi and Liu, 1999) . Another explanation could be an integration of both diffusible morphogens and the Eph/ephrin system in driving guidance in these neurons.
In addition to spinal projecting inner ear afferents, generation of three eared frogs in X. laevis demonstrated overlap between afferents of a native and additional rostral placed ear in the vestibular nucleus (Elliott et al., 2015) . Furthermore, in ears transplanted to the orbit in place of an eye, entry with afferents of the trigeminal nerve revealed similar rerouting to reach vestibular nuclei (Elliott et al., 2013) . While the former indicates independent entry into the hindbrain, the latter suggests inner ear afferents are able to fasciculate along existing nerves to reach the hindbrain. Regardless of the mechanism used to enter the CNS, navigation to vestibular nuclei strongly support our molecular basis of central projection development. In the present study, fibers entering the spinal cord from a transplanted ear likely project along existing afferents as they enter the CNS. Dorsally entering ear afferents presumably do so by fasciculation with incoming somatosensory fibers (Todd, 2010) of Rohon-Beard cells, the predecessors to later forming dorsal root ganglion cells (Clarke et al., 1984) . Ventral entry of fibers from transplanted ears are possibly entering by following along motor neurons, which themselves project ventrally from the spinal cord. Indeed, following of fibers that innervate the surrounding musculature is likely the ventral (or dorsal) pathway taken, an observation noted here and previously (Elliott and Fritzsch, 2010) , especially given the ability of any motor neuron to innervate the ear (Elliott et al., 2013; Fritzsch and Elliott, 2017) . In one instance entry at the midline was observed. The lack of any normal outgoing or incoming native spinal cord fibers at this position potentially conclude inner ear afferents in this animal are not entering with other fibers. Collectively however, this data is interpreted to suggest that inner ear afferents from spinal cord transplanted ears are potentially associating with existing fibers, either sensory or motor, to enter the CNS.
Given this, I suggest that reaching the CNS is primarily an opportunistic association with other PNS fibers. Whether the absence of random inner ear afferent projections at this late stage reflect a neurotropic directional growth to the CNS or a neurotrophic pruning of non-CNS projecting afferents requires studying of labeled fibers in earlier stages (Blackiston et al., 2017) .
In mice lacking Schwann cells, spiral ganglion neurons displayed errant peripheral targeting, demonstrating a tendency to navigate along Schwann cell covered fibers or Schwann cells (Mao et al., 2014) . Additionally, formation of peripheral fascicles in auditory regions of the ear are dependent on Eph/ephrin interactions (Coate et al., 2012) , indicating auditory afferents appear to have partiality in navigating along existing fibers. Disruption of components of the Eph/ephin present in vestibular afferents (AllenSharpley et al., 2013) can cause altered efferent projections (Cowan et al., 2000) . Such work lends support to the notion that spinal entering ear afferents would navigate along existing fibers to enter the CNS.
Late stage transplantations suggested the capability of afferents of the inner ear to project centrally into the spinal cord, while also fasciculate peripherally with posterior lateral line afferents. These data attest to further fasciculation capability of afferents of the inner ear, supporting the assumption that they are able to associate with existing nerves to project along. Presumably, fasciculation with pLL afferents could offer an additional route with which fibers of the transplanted ear could use to reach the hindbrain. We are currently unable to report on this prediction, though our expectations would be that they are capable, especially given novel entry with afferents of the trigeminal (Elliott et al., 2013) . Fasciculation with pLL afferents could be the result of shared placodal origin (Schlosser, 2002 (Schlosser, , 2005 Schlosser and Northcutt, 2000) . Indeed, that the lateral line and otic placodes are induced similarity (Baker and Bronner-Fraser, 2001; Brugmann and Moody, 2005) and express similar subsets of genes, such as Pax 2/8 (Pieper et al., 2011) , could indicate why fiber association is observed when given the chance. Alternatively, both lateral line and vestibular organs possess evolutionarily conserved cell types, imparted by shared gene regulatory networks (Duncan and Fritzsch, 2012) , indicating that such derived traits could be why they fasciculate. Finally, given the sample size, opportunistic association with accessible PNS bundles is another possibility.
That lateral line afferents project into the transplanted ears may equally reflect opportunistic fasciculation, enhanced once the ear is approached by the neurotrophins released form sensory epithelia (Fritzsch et al., 2016) . Our sample size did not allow us to identify if there exists a preference between the alternative explanations. Future work would need to be done to assess this.
Our early transplantations also demonstrated pLL association with this ear. (Quick and Serrano, 2005) , and the caudal migration of trunk lateral line placodes reaches the base of the dorsal fin at stage 40 (Nieuwkoop and Faber, 1994; Winklbauer, 1989) . As such, early stage transplantations might have a preference to project into the spinal cord, given the considerable distance between the migrating placodes and its ganglia, which we have shown freely project into the spinal cord. Ganglia of late transplantations are exposed to both afferents of the lateral line and native spinal projecting fibers, offering either route to navigate on, potentially restricting the amount of fibers entering the spinal cord.
Further work would need to be done to determine if these predictions are observed.
In transplantations to the heart region, inner ear afferents fasciculate along fibers of the vagus nerve. That inner ear afferents project with the vagus nerve demonstrates an additional situation where afferents of the inner ear opportunistically navigate along existing nerves. If inner ear fibers projecting in this manner are able to enter the hindbrain is unclear. However, labeled projection of vagus fibers to its ganglia suggests this is a possibility. Posterior lateral line ganglia are also labeled in this manner, likely due to proximity between the two collections of ganglion cells. Central projection into dorsal regions of the hindbrain was observed from this labeling, representing projections of the lateral line based on relative position (Fritzsch, 1981; Fritzsch et al., 2005a) . At this time is it unclear if afferents from an ear transplanted in the heart region are able to reach the hindbrain. Olfactory placode transplantations demonstrated terminating local innervation rather than long range navigation (Magrassi and Graziadei, 1985) . Similarly, eyes grafted to the trunk establish functional connections even without clearly defined projections (Blackiston et al., 2017) . Regardless of conservation, the pathfinding properties of vestibular afferents discussed here provide additional insight into how connections are established between the ear and the brain. This is of benefit to those who suffer from sensorineural hearing loss or vestibular disorders by adding more information to our growing knowledge of establishing functional connections that provide meaningful sensory input to compensate for such losses.
